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(57) ABSTRACT

A multi-bit resistive random access memory cell includes a
plurality of bottom electrodes, a plurality of dielectric layers,
a top electrode and a resistance layer. The bottom electrodes
and the dielectric layers are interleaved layers, each of the
bottom electrodes is sandwiched by the dielectric layers, and
a through hole penetrates through the interleaved layers. The
top electrode is disposed in the through hole. The resistance
layer is disposed on a sidewall of the through hole and is
between the top electrode and the interleaved layers, thereby
the top electrode, the resistance layer and the bottom elec-
trodes constituting a multi-bit resistive random access
memory cell. The present invention also provides a method
of forming the multi-bit resistive random access memory
cell.

7 Claims, 6 Drawing Sheets
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1
METHOD OF FORMING MULTI-BIT
RESISTIVE RANDOM ACCESS MEMORY
CELL

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a divisional application of and claims
the benefit of U.S. patent application Ser. No. 16/655,262,
filed Oct. 17, 2019.

BACKGROUND OF THE INVENTION
1. Field of the Invention

The present invention relates generally to a resistive
random access memory cell and forming method thereof,
and more specifically to a multi-bit resistive random access
memory cell and forming method thereof.

2. Description of the Prior Art

Memory is divided into two categories: volatile memory
and non-volatile memory. In nowadays, the two important
types of volatile memory are static random access memory
(SRAM) and dynamic random access memory (DRAM).
There are many types of non-volatile memory. Flash
memory is the most popular type, and other types may
include silicon-oxide-nitride-oxide-silicon (SONOS), ferro-
electric random access memory (FRAM), phase-change
random access memory (PRAM), magnetoresistive access
memory (MRAM) and resistive random access memory
(RRAM).

In semiconductor processes, a resistive random-access
memory is composed of two upper and lower metal elec-
trodes and a transition metal oxide (TMO). The operating
theory is to use the variable resistance of the transition metal
oxide. The applied bias voltage changes to induce different
resistance values, and the internal stored value is determined
by the internal resistance.

SUMMARY OF THE INVENTION

The present invention provides a multi-bit resistive ran-
dom access memory cell and forming method thereof, which
forms a multi-bit resistive random access memory cell by
interleaved layers of bottom electrodes and dielectric layers.
Thus, this multi-bit resistive random access memory cell has
vertically distributed bits to save space and simplify pro-
cesses.

The present invention provides a multi-bit resistive ran-
dom access memory cell including a plurality of bottom
electrodes, a plurality of dielectric layers, a top electrode and
a resistance layer. The bottom electrodes and the dielectric
layers are interleaved layers, each of the bottom electrodes
is sandwiched by the dielectric layers, and a through hole
penetrates through the interleaved layers. The top electrode
is disposed in the through hole. The resistance layer is
disposed on a sidewall of the through hole and is between
the top electrode and the interleaved layers, thereby the top
electrode, the resistance layer and the bottom electrodes
constituting a multi-bit resistive random access memory
cell.

The present invention provides a method of forming a
multi-bit resistive random access memory cell including the
following steps. A first dielectric layer, a first bottom elec-
trode, a second dielectric layer, a second bottom electrode,
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2

a third dielectric layer, a third bottom electrode and a fourth
dielectric layer are sequentially formed on a layer. A first
etching process is performed to pattern the fourth dielectric
layer, the third bottom electrode, the third dielectric layer,
the second bottom electrode, the second dielectric layer, the
first bottom electrode and the first dielectric layer to form a
through hole in the first dielectric layer, the first bottom
electrode, the second dielectric layer, the second bottom
electrode, the third dielectric layer, the third bottom elec-
trode and the fourth dielectric layer. A resistance layer is
formed to conformally cover a sidewall of the through hole
and a top electrode fills in the through hole, thereby the
multi-bit resistive random access memory cell being formed.

According to the above, the present invention provides a
multi-bit resistive random access memory cell and forming
method thereof, which sequentially forms a first dielectric
layer, a first bottom electrode, a second dielectric layer, a
second bottom electrode, a third dielectric layer, a third
bottom electrode and a fourth dielectric layer on a layer;
performs a first etching process to pattern the fourth dielec-
tric layer, the third bottom electrode, the third dielectric
layer, the second bottom electrode, the second dielectric
layer, the first bottom electrode and the first dielectric layer
to form a through hole in the first dielectric layer, the first
bottom electrode, the second dielectric layer, the second
bottom electrode, the third dielectric layer, the third bottom
electrode and the fourth dielectric layer; and forms a resis-
tance layer conformally covering a sidewall of the through
hole and fills a top electrode in the through hole. Thereby, a
multi-bit resistive random access memory cell is carried out.

These and other objectives of the present invention will
no doubt become obvious to those of ordinary skill in the art
after reading the following detailed description of the pre-
ferred embodiment that is illustrated in the various figures
and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically depicts a cross-sectional view of a
method of forming a multi-bit resistive random access
memory cell according to an embodiment of the present
invention.

FIG. 2 schematically depicts a cross-sectional view of a
method of forming a multi-bit resistive random access
memory cell according to an embodiment of the present
invention.

FIG. 3 schematically depicts a cross-sectional view of a
method of forming a multi-bit resistive random access
memory cell according to an embodiment of the present
invention.

FIG. 4 schematically depicts a cross-sectional view of a
method of forming a multi-bit resistive random access
memory cell according to an embodiment of the present
invention.

FIG. 5 schematically depicts a cross-sectional view of a
method of forming a multi-bit resistive random access
memory cell according to an embodiment of the present
invention.

FIG. 6 schematically depicts a cross-sectional view of a
method of forming a multi-bit resistive random access
memory cell according to an embodiment of the present
invention.

FIG. 7 schematically depicts a cross-sectional view of a
method of forming a multi-bit resistive random access
memory cell according to an embodiment of the present
invention.
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FIG. 8 schematically depicts a cross-sectional view of a
method of forming a multi-bit resistive random access
memory cell according to an embodiment of the present
invention.

FIG. 9 schematically depicts a cross-sectional view of a
method of forming a multi-bit resistive random access
memory cell according to an embodiment of the present
invention.

FIG. 10 schematically depicts a cross-sectional view of a
method of forming a multi-bit resistive random access
memory cell according to another embodiment of the pres-
ent invention.

DETAILED DESCRIPTION

FIGS. 1-9 schematically depict cross-sectional views of a
method of forming a multi-bit resistive random access
memory cell according to an embodiment of the present
invention. As shown in FIG. 1, a substrate 110 is provided.
The substrate 110 may be a semiconductor substrate such as
a silicon substrate, a silicon containing substrate, a I1I-V
group-on-silicon (such as GaN-on-silicon) substrate, a gra-
phene-on-silicon substrate or a silicon-on-insulator (SOI)
substrate. A resistive random access memory area is only
depicted in this embodiment, and resistive random access
memory cells are in the resistive random access memory
area. Furthermore, the substrate 110 may also include other
not depicted areas such as logic areas and alignment mark
areas etc. An isolation structure 10 is formed in the substrate
110 to electrically isolate each transistor from each other.
The isolation structure 10 may be a shallow trench isolation
(STI) structure, which may be formed by a shallow trench
isolation (STI) process, but it is not limited thereto.

A gate 120 is formed on the substrate 110. The gate 120
may include a gate dielectric layer 122 and a gate electrode
124 stacked from bottom to top. The gate dielectric layer 122
may be an oxide layer or a dielectric layer having a high
dielectric constant. The dielectric layer having a high dielec-
tric constant may be the group selected from hafnium oxide
(HfO,), hafnium silicon oxide (HfSiO,), hafnium silicon
oxynitride (HfSiON), aluminum oxide (Al,O;), lanthanum
oxide (La,0;), tantalum oxide (Ta,0s), yttrium oxide
(Y,0;), zirconium oxide (ZrO,), strontium titanate oxide
(SrTi0;), zirconium silicon oxide (ZrSiO,), hatnium zirco-
nium oxide (HfZrO,), strontium bismuth tantalite
(SrBi,Ta,0,, SBT), lead zirconate titanate (PbZr, Ti; O;,
PZT) and barium strontium titanate (Ba, Sr,  TiO5, BST);
the gate electrode 124 may be a polysilicon gate or a metal
gate, but it is not limited thereto. A source 132 and a drain
134 are formed in the substrate 110 beside the gate 120.
Thereby, a transistor T is formed.

An interlayer dielectric layer 140 formed by depositing
and then planarizing blanketly covers the gate 120 and the
substrate 110. Contact plugs C are formed in the interlayer
dielectric layer 140 and directly contact the source 132 and
the drain 134. A metal interconnect M is formed on the
contact plugs C.

A first dielectric layer 152, a first bottom electrode 153, a
second dielectric layer 154, a second bottom electrode 155,
a third dielectric layer 156, a third bottom electrode 157 and
a fourth dielectric layer 158 are sequentially formed on the
interlayer dielectric layer 140. In this embodiment, these
layers are formed on the interlayer dielectric layer 140 form
forming a multi-bit resistive random access memory cell. In
other embodiments, these layers may be formed on other
layers.
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A first etching process P1 is performed to pattern the
fourth dielectric layer 158, the third bottom electrode 157,
the third dielectric layer 156, the second bottom electrode
155, the second dielectric layer 154, the first bottom elec-
trode 153 and the first dielectric layer 152, thereby a through
hole V being formed in the first dielectric layer 152, the first
bottom electrode 153, the second dielectric layer 154, the
second bottom electrode 155, the third dielectric layer 156,
the third bottom electrode 157 and the fourth dielectric layer
158, and the through hole V exposing the metal interconnect
M. The first etching process P1 may be a dry etching
process, but it is not limited thereto.

Please refer to FIGS. 4-5, a resistance layer 162 is formed
to conformally cover a sidewall S1 of the through hole V. As
shown in FIG. 4, a resistance material layer 162" is deposited
to conformally cover a bottom and the sidewall S1 of the
through hole V and the fourth dielectric layer 158. Then, a
part of the resistance material layer 162' exceeding from the
through hole V is removed, to form the resistance layer 162,
as shown in FIG. 5.

Thereafter, the fourth dielectric layer 158, the third bot-
tom electrode 157, the third dielectric layer 156, the second
bottom electrode 155, the second dielectric layer 154 are
patterned to form a first contact hole V1, a second contact
hole V2 and a third contact hole V3, as shown in FIG. 6.

As show in FIG. 7, a barrier layer 172' may be formed to
conformally cover a bottom of the through hole V, a sidewall
S2 of the resistance layer 162, a bottom and a sidewall S3
of the first contact hole V1, a bottom and a sidewall S4 of
the second contact hole V2, a bottom and a sidewall S5 of
the third contact hole V3 and the fourth dielectric layer 158.
A top electrode material 174' fills up the through hole V, the
first contact hole V1, the second contact hole V2, the third
contact hole V3 and covers the fourth dielectric layer 158.

Then, a part of the top electrode material 174" and a part
of the barrier layer 172' exceeding from the through hole V,
the first contact hole V1, the second contact hole V2 and the
third contact hole V3 are removed to form a multi-bit
resistive random access memory cell U in the through hole
V, a first contact via C1 in the first contact hole V1, a second
contact via C2 in the second contact hole V2 and a third
contact via C3 in the third contact hole V3, as shown in FIG.
8. The multi-bit resistive random access memory cell U is
electrically connected to the drain 134 of the transistor T.
The multi-bit resistive random access memory cell U
includes a barrier layer 172 surrounding a top electrode 174.
The first contact via C1 includes a barrier layer C11 sur-
rounding a top electrode material C12. The second contact
via C2 includes a barrier layer C21 surrounding a top
electrode material C22. The third contact via C3 includes a
barrier layer C31 surrounding a top electrode material C32.

The first contact via C1 is disposed in the first contact hole
V1, penetrates through the second dielectric layer 154, the
second bottom electrode 155, the third dielectric layer 156,
the third bottom electrode 157 and the fourth dielectric layer
158, and directly contacts and is electrically connected to the
first bottom electrode 153. The second contact via C2 is
disposed in the second contact hole V2, penetrates through
the third dielectric layer 156, the third bottom electrode 157
and the fourth dielectric layer 158, and directly contacts and
is electrically connected to the second bottom electrode 155.
The third contact via C3 is disposed in the third contact hole
V3, penetrates through the fourth dielectric layer 158, and
directly contacts and is electrically connected to the third
bottom electrode 157.

The fourth dielectric layer 158, the third bottom electrode
157, the third dielectric layer 156, the second bottom elec-
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trode 155, the second dielectric layer 154, the first bottom
electrode 153 and the first dielectric layer 152 may be
selectively patterned to expose a first area A but preserve the
first dielectric layer 152, the first bottom electrode 153, the
second dielectric layer 154, the second bottom electrode
155, the third dielectric layer 156, the third bottom electrode
157 and the fourth dielectric layer 158 in a second area B,
therefore a first dielectric layer 152a, a first bottom electrode
153a, a second dielectric layer 154a, a second bottom
electrode 1554, a third dielectric layer 1564, a third bottom
electrode 157a and a fourth dielectric layer 1584 being
formed on the interlayer dielectric layer 140, as shown in
FIG. 9. Components may thus be disposed on the interlayer
dielectric layer 140 of the first area A.

Above all, the barrier layer 172' of FIG. 7 is formed in the
through hole V, the first contact hole V1, the second contact
hole V2 and the third contact hole V3 at the same time. The
top electrode material 174' of FIG. 7 is formed in the through
hole V, the first contact hole V1, the second contact hole V2
and the third contact hole V3 at the same time. In other
cases, the multi-bit resistive random access memory cell U,
the first contact via C1, the second contact via C2 and the
third contact via C3 may be formed respectively.

As shown in FIG. 9, the multi-bit resistive random access
memory cell U is carried out. The multi-bit resistive random
access memory cell U may include a plurality of bottom
electrodes (meaning the first bottom electrode 1534, the
second bottom electrode 1554 and the third bottom electrode
157a in this embodiment) and a plurality of dielectric layers
(meaning the first dielectric layer 152a, the second dielectric
layer 154a, the third dielectric layer 1564 and the fourth
dielectric layer 1584 in this embodiment), but the number of
the bottom electrodes and the dielectric layers is not
restricted thereto. The bottom electrodes (meaning the first
bottom electrode 1534, the second bottom electrode 155a
and the third bottom electrode 157a in this embodiment) and
the dielectric layers (meaning the first dielectric layer 152a,
the second dielectric layer 1544, the third dielectric layer
156a and the fourth dielectric layer 158a in this embodi-
ment) constitute interleaved layers, wherein each of the
bottom electrodes is sandwiched by the dielectric layers, and
the through hole V penetrates through the interleaved layers.
The top electrode 174 is disposed in the through hole V. The
resistance layer 162 is disposed on the sidewall S1 of the
through hole V and is between the top electrode 174 and the
interleaved layers, thereby the top electrode 174, the resis-
tance layer 162 and the bottom electrodes 153a/155a/157a
constituting the multi-bit resistive random access memory
cell U.

The contact vias (meaning the first contact via C1, the
second contact via C2 and the third contact via C3 in this
embodiment) are disposed in the dielectric layers 152a/
154a/156a/158a. The bottom electrodes 153a/155a/157a
are connected to a plurality of contact vias C1/C2/C3,
wherein each of the bottom electrodes 153a/155a/157a is
connected to a corresponding contact vias C1/C2/C3, and
the contact vias C1/C2/C3 are isolated from each other. The
bottom electrodes 153a/155a/157a serve as word lines while
the top electrode 174 serves as a bit line, thereby parts of the
resistance layer 162 respectively connecting the bottom
electrodes 153a/155a/157a and the top electrode 174 con-
stituting bits Ul of the multi-bit resistive random access
memory cell U. The multi-bit resistive random access
memory cell U have vertically distributed bits Ul to save
space and simplify processes. The bottom electrodes 153a/
155a/157a may include titanium nitride (TiN) or tantalum
nitride (TaN), and the top electrode 174 may include copper.
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The resistance layer 162 may include transition metal oxide,
wherein the resistance layer 162 may include tantalum oxide
(Ta0,), titanium oxide (TiO,), hafhium oxide (HfO,), zir-
conium oxide (ZrQO,) or aluminum oxide (AlO,), but it is not
limited thereto.

One embodiment is further presented as follows. FIG. 10
schematically depicts a cross-sectional view of a method of
forming a multi-bit resistive random access memory cell
according to another embodiment of the present invention.
After the first etching process P1 of FIG. 3 is performed, a
second etching process P2 is performed to etch a sidewall SO
of a through hole V0, thus protruding parts D of the first
bottom electrode 1534, the second bottom electrode 155a
and the third bottom electrode 157a being exposed. Besides,
a resistance layer 162a and a barrier layer 172a conformally
cover the protruding parts D and the sidewall SO of the
through hole V0, a top electrode 174a fills the through hole
V0. The second etching process P2 may be a wet etching
process, but it is not limited thereto. By doing this, a formed
multi-bit resistive random access memory cell can save
more power than the multi-bit resistive random access
memory cell of FIG. 9.

To summarize, the present invention provides a multi-bit
resistive random access memory cell and forming method
thereof, which sequentially forms a first dielectric layer, a
first bottom electrode, a second dielectric layer, a second
bottom electrode, a third dielectric layer, a third bottom
electrode and a fourth dielectric layer on a layer; performs
a first etching process to pattern the fourth dielectric layer,
the third bottom electrode, the third dielectric layer, the
second bottom electrode, the second dielectric layer, the first
bottom electrode and the first dielectric layer to form a
through hole in the first dielectric layer, the first bottom
electrode, the second dielectric layer, the second bottom
electrode, the third dielectric layer, the third bottom elec-
trode and the fourth dielectric layer; and forms a resistance
layer conformally covering a sidewall of the through hole
and fills a top electrode in the through hole, thereby a
multi-bit resistive random access memory cell being carried
out.

Moreover, the first bottom electrode is connected to a first
contact via, and the first contact via penetrates through the
second dielectric layer, the second bottom electrode, the
third dielectric layer, the third bottom electrode and the
fourth dielectric layer. The second bottom electrode is
connected to a second contact via, and the second contact via
penetrates through the third dielectric layer, the third bottom
electrode and the fourth dielectric layer. The third bottom
electrode is connected to a third contact via, and the third
contact via penetrates through the fourth dielectric layer. The
bottom electrodes serve as word lines while the top electrode
serves as a bit line, thereby parts of the resistance layer
respectively connecting the bottom electrodes and the top
electrode constituting bits of the multi-bit resistive random
access memory cell.

Those skilled in the art will readily observe that numerous
modifications and alterations of the device and method may
be made while retaining the teachings of the invention.
Accordingly, the above disclosure should be construed as
limited only by the metes and bounds of the appended
claims.

What is claimed is:
1. A method of forming a multi-bit resistive random
access memory cell, comprising:
sequentially forming a first dielectric layer, a first bottom
electrode, a second dielectric layer, a second bottom
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electrode, a third dielectric layer, a third bottom elec-
trode and a fourth dielectric layer on a layer;

performing a first etching process to pattern the fourth
dielectric layer, the third bottom electrode, the third
dielectric layer, the second bottom electrode, the sec-
ond dielectric layer, the first bottom electrode and the
first dielectric layer to form a through hole in the first
dielectric layer, the first bottom electrode, the second
dielectric layer, the second bottom electrode, the third
dielectric layer, the third bottom electrode and the
fourth dielectric layer; and

forming a resistance layer conformally covering a side-

wall of the through hole and filling a top electrode in
the through hole, thereby the multi-bit resistive random
access memory cell being formed;

wherein the first bottom electrode is connected to a first

contact via penetrating through the second dielectric
layer, the second bottom electrode, the third dielectric
layer, the third bottom electrode and the fourth dielec-
tric layer, the second bottom electrode is connected to
a second contact via penetrating through the third
dielectric layer, the third bottom electrode and the
fourth dielectric layer, and the third bottom electrode is
connected to a third contact via penetrating through the
fourth dielectric layer, wherein a bottom surface of the
first contact via is deeper than a bottom surface of the
second contact via, and the bottom surface of the
second contact via is deeper than a bottom surface of
the third contact via.

2. The method of forming the multi-bit resistive random
access memory cell according to claim 1, wherein the steps
of forming the resistance layer conformally covering the
sidewall of the through hole and filling the top electrode in
the through hole comprise:

depositing a resistance material layer conformally cover-

ing the sidewall of the through hole and the fourth
dielectric layer;

filling a top electrode material in the through hole and on

the fourth dielectric layer; and

removing a part of the top electrode material exceeding

from the through hole; and

removing a part of the resistance material layer exceeding

from the through hole.

3. The method of forming the multi-bit resistive random
access memory cell according to claim 1, wherein the steps
of forming the resistance layer, filling the top electrode and
forming the first contact via, the second contact via and the
third contact via comprise:

depositing a resistance material layer conformally cover-

ing the sidewall of the through hole and the fourth
dielectric layer;
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removing a part of the resistance material layer exceeding
from the through hole, to form the resistance layer;

patterning the fourth dielectric layer, the third bottom
electrode, the third dielectric layer, the second bottom
electrode, the second dielectric layer to form a first
contact hole, a second contact hole and a third contact
hole;
forming a barrier layer conformally covering a sidewall of
the resistance layer, a sidewall of the first contact hole,
a sidewall of the second contact hole, a sidewall of the
third contact hole, and the fourth dielectric layer;

forming a top electrode material filling into the through
hole, the first contact hole, the second contact hole and
the third contact hole, and on the fourth dielectric layer;
and

removing a part of the top electrode material and a part of

the barrier layer exceeding from the through hole, the
first contact hole, the second contact hole and the third
contact hole.

4. The method of forming the multi-bit resistive random
access memory cell according to claim 1, further compris-
ing:

performing a second etching process to etch the sidewall

of the through hole after the first etching process is
performed, so that protruding parts of the first bottom
electrode, the second bottom electrode and the third
bottom electrode are exposed, therefore the resistance
layer then conformally covering the sidewall of the
through hole as well as the protruding parts.

5. The method of forming the multi-bit resistive random
access memory cell according to claim 4, wherein the first
etching process is a dry etching process, and the second
etching process is a wet etching process.

6. The method of forming the multi-bit resistive random
access memory cell according to claim 1, further compris-
ing:

forming a transistor T on a substrate and in the layer

before the first dielectric layer, the first bottom elec-
trode, the second dielectric layer, the second bottom
electrode, the third dielectric layer, the third bottom
electrode and the fourth dielectric layer are sequentially
formed on the layer; and

the multi-bit resistive random access memory cell being

electrically connected to a drain of the transistor.

7. The method of forming the multi-bit resistive random
access memory cell according to claim 6, wherein the
resistance layer and the top electrode are electrically con-
nected to the drain of the transistor by a contact plug in the
layer.



